Background-Measuring postpacing intervals (PPIs) is the standard maneuver for localizing reentrant tachycardia circuits.
I ntra-atrial reentrant tachycardia (IART) occurs with reentrant activations revolving around functional or anatomic barriers that form spontaneously 1, 2 or in association with prior cardiac surgery 3 or radiofrequency catheter ablation (RFCA) for treating atrial fibrillation. [4] [5] [6] [7] IART has recently become more common due in part to a wide use of catheter ablation. Because rhythm and rate control of IART with antiarrhythmic drugs can be difficult to achieve, RFCA is the treatment of choice for IART. For successful RFCA of IART, it is key to pinpoint the critical isthmus of underlying reentrant circuits. Understanding the whole picture of reentrant circuits by constructing activation maps of IART using 3 dimensional (3D) electroanatomical mapping systems helps identify the critical isthmus, but it is time-consuming and not always possible when the targeted IART is not stable enough to create the entire activation map or multicomponent electrograms challenge correct annotation of the electrogram presenting the local electric activity.
Clinical Perspective on p 496
Entrainment mapping is an established electrophysiological technique and is used to delineate the localization of reentrant circuits. The postpacing interval (PPI) measured after entrainment overdrive pacing describes the distance from pacing catheter's location to the reentrant circuit, and a differ ence between the PPI and the tachycardia cycle length (TCL) ≤20 ms indicates that the pacing site is part of the reentrant circuit. 1, 6, 8 A major drawback of entrainment mapping is that overdrive stimuli for entrainment may terminate the tachycardia or cause degeneration into a different arrhythmia, which makes it impossible to evaluate the PPI. Moreover, PPI measurements can mislead us if conduction delays in slow conduction areas paradoxically prolong the PPI, 9 or a local electrogram is erroneously annotated in the PPI measurement at sites with multicomponent electrograms.
In this study, we devised a new technique for localizing the reentrant circuits of IART during entrainment pacing. The number of pacing stimuli needed to entrain (NNE) closely correlated with the PPI measurements, which would enhance the efficacy and accuracy of entrainment mapping.
Methods

Study Population
This study consisted of 2 parts. In the first part (part I), 10 patients with typical atrial flutter were enrolled. We took advantage of this population to characterize the electrophysiological properties of the NNE because typical atrial flutter's reentrant circuit is anatomically defined. In the second part (part II), we studied 30 consecutive patients referred to Chiba-Hokusoh Hospital between April 2011 and July 2013 for RFCA of IART in which the location of the reentrant circuit was undetermined before the study. IART was confirmed by electroanatomical mapping and entrainment maneuvers in which activation mapping of the IART accounted for ≥80% of the TCL, or a PPI ≤20 ms longer than the TCL was recorded from ≥2 atrial sites separated by ≥2 cm. 1 We also included atria tachycardias of an undetermined origin as IARTs, if the PPI was reproducible at the same pacing cycle length (PCL) and the PPI became progressively longer in response to shorter PCLs. IART exhibiting spontaneous oscillations of >15 ms within 3 cycles before the onset of entrainment pacing were excluded from the study. The patient characteristics are summarized in Table 1 . This study was approved by our institution's ethics committee.
Electrophysiological Study and RFCA
After providing written informed consent, all patients underwent electrophysiological studies under deep sedation. To record intracardiac electrograms from the right and left atria including both their lateral ends, we positioned a 5F 10-pole electrode catheter (Japan Lifeline Co Ltd) within the coronary sinus (CS) and 7F 20-pole Halo catheter (Biosense Webster Inc) around the tricuspid annulus ( Figure 1A ), or a 6F 14-pole electrode catheter whose distal and proximal electrodes covered the CS and right atrium (RA), respectively (CS-RA catheter; Japan Lifeline). RFCA was performed at critical sites of the IART circuit using an open-irrigated catheter (NaviStar ThermoCool; Biosense Webster Inc. or Safire BLU, St. Jude Medical) with the power and temperature limited to 20 to 35 W and 43°C.
Measurement of NNE
Entrainment is continuous resetting of reentrant tachycardias by overdrive pacing at a shorter cycle length than the TCL. If the pacing site is remote from the tachycardia circuit, entrainment requires that a paced wave front travels to and enters the circuit before resetting the tachycardia. In contrast, the tachycardia should be entrained immediately after initiation of pacing if the pacing site is within the tachycardia circuit. Therefore, one would expect that the distance between the pacing site and the tachycardia circuit would correlate with how soon entrainment is achieved (ie, NNE). We hypothesized that when overdrive pacing is performed during IART at 1 atrial site, the contralateral end of the atrium could not be captured without entrainment of the IART, which would allow us to estimate the onset of entrainment using a limited number of intracardiac recordings. Intracardiac electrograms in the lateral RA (LRA) and lateral CS (LCS) were obtained as activations of the lateral end of the RA and left atrium (LA), respectively ( Figure 1 ). We defined the NNE as the number of pacing stimuli, starting from the first stimulus if it was appropriately timed, needed to accelerate electrograms at both the LRA and LCS to the PCL. Figure 1C shows how to measure the NNE. The electrogram accelerating to the PCL was deemed the beginning of the local entrainment (asterisks). The first accelerated electrogram was not counted if it did not equal the PCL to clearly distinguish resetting from spontaneous cycle length oscillations. The entrained electrogram was considered to be captured by the preceding stimulus if the onset of the electrogram (circle) occurred after the end of the stimulus marker (marker width 20 ms). The reason why we utilized the stimulus marker was because it was When overdrive pacing is applied in-the-circuit, the tachycardia is immediately reset and activations in the whole atria, including the LRA and LCS, are controlled by the paced wave fronts (green arrows). In contrast, when overdrive pacing is initiated at a site remote from the circuit, the wave fronts from the initial pacing collide with the tachycardia wave fronts (red arrows). During subsequent beats, the collision point is progressively approaching the reentrant circuit. Meanwhile, the ipsilateral end of the atrium (ie, LCS in this case) is captured first. Thereafter, the pacing wave front resets the tachycardia and captures the contralateral end of the atrium (ie, LRA). C, Measurement of the NNE in this example is 4, see the text for details.
unlikely that the stimulus could capture an immediate electrogram arising within the marker period, especially at contralateral atrial sites (NNE is measured as 4 in this example). We paid attention to the occurrence of a capture loss during entrainment because the capture loss followed by re-entraining the tachycardia could cause false increases in the NNE.
In part I, typical atrial flutter was entrained from the cavotricuspid isthmus (CTI; ie, within the circuit) and distal CS (ie, remote site) at PCLs of 10, 20, 30, 40, and 50 ms below the TCL with coupling intervals (CIs) of the initial paced beat the same as the PCL, or fixed PCLs of 20 ms below the TCL with a CI the same as the PCL, 10, 20, 30, and 40 ms below the PCL. To study how the PCL and CI affected the NNE, we also calculated the entrainment index (EI) that was the total amount of prematurity during entrainment pacing at the pacing site, as described previously. 10, 11 Briefly, the EI was measured as the prematurity of the pacing stimulus at the time of the first atrial reset relative to the timing of the electrogram at the pacing site expected from an uninterrupted tachycardia. Because the EI depends on the PCL, the EI was corrected by subtracting the degree of advancement of the first reset beat from the measured EI. 11 In part II, overdrive stimuli during IART were delivered at PCLs of 5 to 50 (19±8) ms below the TCL with CIs identical to the PCL until the tachycardia was entrained with or without manifest fusion of the P-or F-wave morphology on the surface ECGs. In 3 patients, we created color-coded 3D NNE maps in combination with 3D PPI maps 12 for the same IART using a NavX system (Endocardial Solutions/St. Jude Medical).
Entrainment stimuli were applied at 2 ms and 10 mA. The PPI was also measured as the interval from the last stimulus to the initial sharp deflection of the first postpacing electrogram at the pacing site. By the definition of entrainment, the tachycardias must resume on cessation of overdrive pacing. However, even when the tachycardias terminated during pacing, we still used the term NNE for the sake of simplicity in this study.
Statistical Analysis
Continuous variables are expressed as the median (interquartile range [IQR]) or mean±SD. A Friedman test was used for analysis of the dependence of the NNE, PPI, and corrected EI on the PCL and CI. A Wilcoxon signed-rank test was conducted to compare the NNEs at the CTI and distal CS at various PCLs and CIs. To determine the diagnostic accuracy of the NNE according to the difference between the TCL and PCL (TCL−PCL), the area under the receiver operating characteristic curve was calculated. The relationship between the NNE and PPI was examined using a Spearman rank correlation test. The dependence of the difference between the PPI and TCL (PPI−TCL) on the NNE was studied by a linear regression analysis. A P≤0.05 was considered statistically significant. [4] [5] [6] [7] ). The NNE was dependent on the PCL, where the NNE became smaller at shorter PCLs both at the CTI and distal CS (P<0.001). Similarly, the NNE also depended on the CI, and shorter CIs decreased the NNE both at the CTI and distal CS (P<0.001; Figure 2 ). These results were expected because shorter PCLs and CIs should make it possible for the paced wave front to reach the reentrant circuit earlier. The NNEs at the CTI were smaller than those in the distal CS at any PCL and CI (Figure 2) . We calculated the corrected EIs to determine how the PCL and CI affected the NNE values. Shorter PCLs in the distal CS significantly increased the corrected EIs (P=0.002), suggesting that PCLdependent conduction delays in the path between the pacing site and reentrant circuit increased the requisite prematurity at the pacing site when pacing from remote sites. Otherwise, the total amount of prematurity NNE seemed independent of the PCL and CI as long as the location of the pacing site and reentrant circuit was fixed (the corrected EIs did not alter with different PCLs and CIs at the CTI, and were also independent of CIs at the distal CS).
Results
Part I: Characteristics of the NNE
Part II: Validation and Clinical Utility of the NNE in Patients With IART
Five patients (17%) presented with a single IART, whereas 25 (83%) had multiple types of IART. In total, 76 IARTs were analyzed. The IART mechanisms were peri-mitral (n=18), through the LA roof (n=3), around the left atrial appendage (LAA; n=4), related to conduction gaps of prior pulmonary vein ablation lines (n=3), a ridge between the LAA and left pulmonary veins (n=3), CTI-dependent (n=13), within the RA free wall (n=17), within the interatrial septum (n=3), and not exactly determined (within RA [n=2], LA [n=10]).
Entrainment pacing was performed at 317 atrial sites (105 RA and 212 LA). Both the NNE and PPI were measured in 281 overdrive pacing trials successfully entraining IART without any changes in the IART. Typical examples of NNE measurements are shown in Figure 3 . In this case, entrainment pacing was performed at a PCL of 20 ms below the TCL during an LA roof-dependent IART. When pacing was applied from the LA roof (in-the-circuit), the PPI equaled the TCL ( Figure 3A) . The cycle lengths measured both at the LRA and LCS accelerated to the PCL from the second pacing stimulus. Hence, the NNE at this site was 2. When entrainment pacing was performed at the RA free wall (remote site) where the PPI was 115 ms longer than the TCL, 8 pacing stimuli were needed for both cycle lengths at the LRA and LCS to accelerate to the PCL (NNE=8; Figure 2 . Dependence of the number of pacing stimuli needed to entrain (NNE) on the pacing cycle length (PCL) and coupling interval (CI). Box plots showing the median and range of the NNEs measured in the distal coronary sinus (CS; blue) and cavotricuspid isthmus (CTI; red) as a function of the PCL (A) and CI (B) relative to the tachycardia cycle length (TCL) and PCL, respectively. As either the PCL or CI was shortened, the NNE at both sites decreased significantly (all P<0.001). For any PCL and CI, the NNE at the CTI was small when compared with the NNE in the distal CS; *P<0.01; † P<0.05. Figure 3B ). Figure 4 shows the relationship between the NNE and PPI−TCL (n=281). The NNE positively correlated with the PPI−TCL indicating how distant the pacing site was from the reentrant circuit. Based on the results from the part I study, we assumed that the TCL−PCL should affect this relationship. Therefore, the entrainment data were classified into 3 groups according to the TCL−PCL: 5 to 15 ms (n=121); 16 to 30 ms (n=131); and 31 to 50 ms (n=29) below the TCL. The Spearman rank correlation coefficients were 0.906 for all data (P<0.001) and 0.943, 0.934, and 0.876 for TCL−PCLs of 5 to 15, 16 to 30, and 31 to 50 ms, respectively (all P<0.001). In agreement with the results of the part I study, the NNE tended to be smaller with larger TCL−PCLs. We constructed color-coded 3D NNE and PPI−TCL maps of the IART (2 peri-mitral and 1 RA free wall) by entrainment pacing at PCLs of 16 to 30 ms below the TCL ( Figure 5 ). The NNE map was equivalent to the PPI−TCL map, confirming the spatial consistency of the NNE measurements. When the pacing site was defined as in-the-circuit by a PPI−TCL ≤20 ms, 1, 6, 8 the pacing at a PCL of 16 to 30 ms below the TCL provided the highest accuracy for diagnosing whether the pacing site was within The top panels show surface ECG lead V 1 and the stimulus marker (Stim), and the bottom panels also exhibit intracardiac bipolar electrograms recorded from the LRA, LCS, and ablation catheter (Map) in an expanded timescale. Entrainment pacing was performed using the Map catheter at a cycle length 20 ms below the TCL (280 ms). A, During LA roof pacing, the cycle lengths at the lateral right atrium (LRA) and lateral coronary sinus (LCS) accelerated to the pacing cycle length (PCL; 260 ms) indicated by the asterisks, and the preceding pacing stimulus (arrowhead) was used to count the NNE (ie, NNE=2). B, When pacing from the right atrium free wall, the LRA electrogram was entrained immediately after initiating pacing, but required 8 beats for the cycle length at the LCS to accelerate to the PCL (asterisk). See the text for details. the tachycardia circuit ( Table 2 ). With TCL−PCLs of 16 to 30 ms, NNEs ≤2 were diagnostic for determining an in-thecircuit pacing site, whereas NNEs >3 suggested that pacing sites are outside-the-circuit.
Thirty-six (11%) attempts of entrainment resulted in the IART changing into another type of IART or atrial fibrillation (n=30), or termination of the IART (n=6). The original IART was induced again after the tachycardia change or termination and was successfully entrained from the same site in 8 of 36 failed entrainment trials (5 tachycardia changes and 3 terminations). All NNE values obtained from subsequent entrainment of the reinduced IART were consistent with NNEs measured during the failed entrainment attempts ( Figure 6 ). Figure 7 shows a case of a difficult PPI measurement because of multicomponent electrograms. In this example, the NNE was useful in determining whether the pacing site was part of the IART circuit. Figure 8 shows an example of an erroneous PPI measurement. The NNE correctly predicted the location of the IART circuit even when a misleading PPI value was obtained. Thus, the NNE provides additional information when the PPI results disagree with other findings.
Discussion
NNE as a New Index of Entrainment Mapping
The PPI consists of the time for the wave front to travel from the pacing site to the reentrant circuit, revolve around the circuit, and return from the circuit to the pacing site. If the pacing site is exactly in-the-circuit, the PPI only takes 1 revolution through the circuit and the PPI−TCL becomes 0. However, PPIs can be longer at shorter PCLs because PPIs include the time through slow conduction pathways of reentrant circuit that generally have decremental conduction properties. In contrast, the NNE is associated with the time for the wave front to reach the circuit. The NNE becomes smaller at shorter PCLs because greater TCL−PCLs accelerate the arrival of wave fronts to reentrant circuits. The corrected EI significantly increased when pacing at shorter PCLs was applied from remote sites, which indicates that conduction in the path to the circuit may somewhat slow with short PCLs. However, the NNE never increased at shorter PCLs, probably because the decremental property of the approaching path was weak and less susceptible to changes in the PCL. Therefore, the NNE is predictable in proportion to the distance between the pacing site and reentrant circuit when the TCL−PCL and CI are taken into account. To identify whether pacing sites are part of the circuit, the NNE measured with a TCL−PCL of 16 to 30 ms is most accurate, where a NNE ≤2 and >3 definitely predicted in-the-circuit and outside-the-circuit, respectively. Nevertheless, the NNE still has diagnostic value even if the TCL−PCL does not fall within this range. A NNE ≤2 is highly specific for in-the-circuit for a TCL−PCL of 5 to 15 ms, whereas a NNE >4 with a TCL−PCL of 5 to 15 ms and NNE >3 with a TCL−PCL of 31 to 50 ms can rule out in-the-circuit (Table 2) . AUC indicates area under the receiver operating characteristic curve; NNE, number of pacing stimuli needed to entrain; NPV, negative predictive value; PCL, pacing cycle length; PPV, positive predictive value; and TCL, tachycardia cycle length. Figure 6 . The number of pacing stimuli needed to entrain (NNE) remains valuable when intra-atrial reentrant tachycardia (IART) is altered or terminated during pacing. A, Overdrive pacing degenerated IART into atrial fibrillation (AF). Both the lateral right atrium (LRA) and lateral coronary sinus (LCS) sites were entrained (asterisks) from the second pacing stimulus (arrowhead, NNE=2). After termination of AF, the original IART was reinduced and overdrive pacing was repeated to measure the postpacing interval (PPI; not shown). Again, the NNE was 2, and PPI−tachycardia cycle length (TCL) was 15 ms. B, Overdrive pacing at the cavotricuspid isthmus (CTI) during IART. The IART terminated during pacing, whereas the NNE was measured as 2. Repeated attempts of entrainment of the reinduced IART confirmed that the CTI was within the reentrant circuit by a PPI−TCL of 17 ms. Radiofrequency catheter ablation across the CTI eliminated this IART.
Advantages of the NNE Over the PPI
Changes or termination of IARTs during entrainment pacing is not uncommon (7%-19%, 4, 12 11% in this study), which precludes PPI measurements. The NNE can solve this limitation of PPI mapping. Fatemi et al 14 reported that amiodarone significantly altered entrainment responses by enhancing slow conduction, and a PPI−TCL >20 ms did not exclude the possibility that the pacing site was in-thecircuit. The NNE may provide more accurate results in this setting because it is independent of the time through slow conduction areas within the circuit. Moreover, the NNE is useful if difficulties occur when measuring PPIs (Figures 7  and 8) .
The NNE is determined from intracardiac electrograms on each side of the atrium. Because sites with distinct local electrograms can be chosen in the LRA and LCS, automated measurement of cycle lengths would be possible. This might allow us to automatically construct color-coded 3D NNE maps, Figure 7 . Usefulness of the number of pacing stimuli needed to entrain (NNE) in determining correct postpacing intervals (PPIs). A, Entrainment mapping of an intra-atrial reentrant tachycardia around right atrium (RA) scar related to prior surgery. The presence of double potentials (P1 and P2) from the pacing electrode pair (Map d) made it difficult to assess the PPI. Similarities in the sharpness and amplitude of the double potentials and the absence of far-field potentials during entrainment pacing 13 prevented us from identifying whether P1 or P2 represented the local potential. If entrainment pacing captured P1, this site seemed to reside in a critical path of the circuit because entrainment pacing did not alter the intra-atrial activation sequence, and P1 was recorded in the RA free wall low-voltage area. On the other hand, if the captured electrogram was P2, the PPI−TCL was long and ablation at that site would be expected to fail. B, When we look at the beginning of the entrainment pacing in the same episode, the NNE was 1, which is consistent with the small PPI−TCL for P1 capture. The coupling interval for P1 was identical to the pacing cycle length, which validates this NNE value. C, The tachycardia terminated immediately after delivery of radiofrequency energy at that site. . The relatively short PPI−TCL suggests an RA tachycardia circuit. However, the number of pacing stimuli needed to entrain (NNE) was 14 and was too large for the RA tachycardia. When we carefully look at the septal electrograms (Sept), the wave front of the first beat after cessation of pacing traveled through a different route than the original tachycardia circuit (arrow). Therefore, this PPI measurement is invalid. B, True PPI. A reattempt of entrainment pacing at the same site provided a PPI value of 388 ms. Again, the NNE was 14 and was consistent with the long PPI value, indicating the tachycardia circuit was in the left atrium. Note that if the septal electrograms had not been monitored, we might have overlooked this transient change in the tachycardia, which could have been misleading in the decision making.
while creating 3D PPI maps can only be achieved manually and are somewhat time-consuming.
Study Limitations
RFCA was not performed on the basis of the NNE mapping in the majority of IARTs except for some particular cases (Figure 7 ). Prospective comparative studies will be needed to evaluate the net clinical benefits of adding NNE mapping to the conventional techniques (eg, success rate of RFCA, procedure and fluoroscopic times, etc.).
In this study, we excluded IART with a large spontaneous variation in the TCL. Practically, the NNE is countable if the TCL−PCL is larger than the magnitude of the TCL oscillation; however, the usefulness of the NNE remains unclear in those cases.
Finally, this study did not include nonreentrant automatic atrial tachycardias. Theoretically, the NNE would also predict distances from the automatic atrial tachycardias focus. Further studies are needed to determine the value of the NNE in automatic atrial tachycardias.
Conclusions
The NNE is a new criterion for entrainment mapping to localize reentrant circuits of IART. This simple and reliable procedure covers conventional entrainment mapping limitations using PPI measurements. If entrainment pacing is performed at the isthmus that is already defined by anatomy or substrate mapping (ie, a conduction channel between dense scars), 3 the NNE can determine whether the isthmus is critical or not even when the IART alters or terminates during entrainment pacing. Consequently, the NNE greatly facilitates the mapping and RFCA of IART when combined with PPI mapping.
